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[1] Data from 24-hour bulk filter samples collected by the AIRMAP program were used
to estimate aerosol acidity at a site in New England. The sampling site, Thompson Farm
in Durham, New Hampshire, is situated 15 km inland from the Atlantic Ocean. The
aerosol chemical composition in this area is dominated by sulfate (SO4

2�) and ammonium
(NH4

+) and aerosols that are weakly acidic, most likely because of a lack of regional
sources of gaseous ammonia (NH3). Nitrate (NO3

�) plays a smaller role in aerosol acidity.
The median SO4

2� aerosol concentration was highest during the summer (23.7 nmol m�3).
Inferred fine NO3

� concentrations were highest in the winter, with a median
concentration of 0.2 nmol m�3. Increased inferred hydrogen ion concentrations and the
least neutralized aerosols are associated most strongly with coastal sources, potentially
because of smaller NH3 sources relative to sulfur sources in these regions. During the
International Consortium for Atmospheric Research on Transport and Transformation
(ICARTT) campaign during summer 2004, the composition of fine aerosol was dominated
by SO4

2�, NH4
+, and organics. Acidic aerosols sampled during this campaign were largely

anthropogenic in origin and photochemically aged.
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1. Introduction

[2] Atmospheric aerosols exert influences on global cli-
mate [Charlson et al., 1992a], biogeochemical cycling
[Charlson et al., 1992b], visibility [Dzubay et al., 1982],
and human health [Spengler et al., 1990; Schlesinger and
Cassee, 2003]. Primary emission of aerosols is a significant
contributor by mass to atmospheric particulate matter (PM).
Just as significant are secondary processes such as oxida-
tion, condensation, coagulation, and neutralization that
greatly affect the chemical composition and size distribution
of aerosols. Considerable work in the last 50 years has
focused on quantifying the size-resolved chemical compo-
sition of aerosols to understand better the processes that
influence the chemistry of the atmosphere.
[3] Sulfate (SO4

2�) is a major constituent of atmospheric
aerosol and has a trimodal distribution across the submicron
and supermicron size spectrum [Wall et al., 1988]. Fine
aerosol (here defined as aerosol with diameters less than
2.5 mm, though also defined in some contexts on the basis of
1 mm) SO4

2� originates partially from the dissociation of

sulfuric acid (H2SO4) that condenses after forming via the gas
phase oxidation of sulfur dioxide (SO2) by hydroxyl radical
(OH). It may also exist as a result of the formation of salts of
H2SO4 [Stockwell and Calvert, 1983]. Aqueous phase oxi-
dation of SO2 by hydrogen peroxide (H2O2) [Kunen et al.,
1983] or ozone (O3) [Botha et al., 1994] also contributes to
fine SO4

2�. Sulfur dioxide is emitted primarily from the
burning of fossil fuels. Additional sources of reduced sulfur
compounds that contribute to aerosol SO4

2� after being
oxidized include the ocean (dimethyl sulfide and carbonyl
sulfide) [Fitzgerald, 1991], wetlands and soils [Charlson et
al., 1992b], and volcanic eruptions (hydrogen sulfide) [Bluth
et al., 1994]. Aerosol SO4

2� exists in the coarse mode (aerosol
with diameters greater than 2.5 mm) primarily through
displacement reactions, mainly in mineral dust [Li-Jones
and Prospero, 1998] and sea-salt aerosol [McInnes et al.,
1994].
[4] Nitrate (NO3

�) is another major chemical constituent of
atmospheric aerosols. Nitrate arises in the fine mode because
of the dynamic equilibrium of ammonium nitrate (NH4NO3)
with nitric acid (HNO3) and ammonia (NH3) in the particle
and gas phases, respectively. Nitric acid is formed from the
oxidation of nitrogen oxides (NOx) during the day and from
hydrolysis of dinitrogen pentoxide (N2O5) at night. Dinitro-
gen pentoxide is formed in the reaction between the nitrate
radical and nitrogen dioxide (NO2). Nitrate also exists in the
coarse aerosol mode [Savoie and Prospero, 1982] in sea-salt
and mineral dust aerosol as a result of displacement reactions
[Gard et al., 1998; Newberg et al., 2005].
[5] Ammonium (NH4

+), which results in the aerosol phase
through gas-to-aerosol conversion of NH3, is an important
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water-soluble component of fine ambient aerosol. Ammonia
is emitted primarily from animal wastes, fertilizers, soils,
and oceans [Bouwman et al., 1997] and is the major basic
gas both over the continents and in the marine atmosphere.
As a result, NH4

+ is the major neutralizing component of
atmospheric aerosol.
[6] Depending on the relative concentrations of these ions

(which vary on the basis of differing oxidation rates, oxida-
tion processes, and emission rates of precursors), atmospheric
aerosols may exhibit acidic properties [Huntzicker et al.,
1980]. Such aerosol acidity has been shown to influence
aerosol phase reactions, catalyzing processes that result in
increased yields of secondary organic aerosol (SOA) [Jang
et al., 2002; Iinuma et al., 2004]. In addition, particle
acidity is thought to play a role in health effects associated
with poor air quality [Spengler et al., 1990]. Therefore it is
crucial to understand the acidity of particles and the factors
that control it. Aerosol strong acidity has been studied
previously, mostly during summer months, during shorter
field campaigns, and in specific locations [Smith-Palmer
and Wentzell, 1986; Koutrakis et al., 1988; Keeler et al.,
1990; Waldman et al., 1990; U.S. Environmental Protection
Agency (USEPA), 1999; Lefer and Talbot, 2001]. Additional
studies have focused on longer trends in a single ionic
species such as SO4

2� [Malm et al., 2002].
[7] The northeastern United States is of particular interest

with regard to acidic aerosol because of its downwind
location relative to industrial areas in the midwestern United
States and major metropolitan areas along the eastern
seaboard of the United States. Previous work has shown
that regional transport greatly affects the air quality of New
England [Knapp et al., 1998; Schultz et al., 1998; Fischer et
al., 2004;Mao and Talbot, 2004a, 2004b]. The International
Consortium for Atmospheric Research on Transport and
Transformation (ICARTT) campaign was conducted during
the summer of 2004 to increase the understanding of air
quality parameters in North America and to understand how
the long-range transport of pollution across the Atlantic
Ocean affects air quality downwind [Fehsenfeld et al.,
2006]. As part of ICARTT, the National Oceanic and
Atmospheric Administration–University of New Hamp-
shire (NOAA-UNH) AIRMAP Cooperative Institute per-
formed measurements of pollutant concentrations and
meteorological data to document tropospheric air quality
in the New England area.
[8] This paper discusses seasonal trends in the chemical

composition and acidity of aerosols at the UNHAtmospheric
Observatory at Thompson Farm (TF). A Lagrangian back-
ward trajectory model has been used to understand source
regions of aerosol transported to this site. Correlations
between aerosol species and source regions are discussed
on a seasonal basis, and year-to-year variations are inves-
tigated. A detailed discussion of size-segregated aerosol
measurements, including those of carbonaceous material,
made during ICARTT is also provided.

2. Methods

2.1. Field Site

[9] All data used in this study were collected in conjunc-
tion with the UNH-based AIRMAP program. This study
involves data collected at the AIRMAP site at TF, located in

Durham, New Hampshire, at 43.11�N, 70.95�W. This is a
rural site situated approximately 15 km from the Atlantic
Ocean and at 24 m above sea level. Sampling was per-
formed at both 15 m and 4 m above ground level from a
walk-up, instrumented tower.

2.2. Aerosol Sampling and Instrumentation

[10] Sampling of bulk aerosol (dating from January 2000
to November 2004) was used in this study to assess the
chemical composition of aerosol at TF. Samples were
collected over 24-hour time intervals on 90-mm Teflon1

filters (Fluropore2, Millipore, Billerica, Massachusetts). An
aerosol size cut of approximately 10 mmwas estimated using
sampling apparatus geometry, fluid dynamics, and an esti-
mated inlet flow rate of 100 L min�1. The exact aerosol size
cut is affected by minor variations in flow rate. No denuders
were employed during bulk filter sampling. The mass load-
ings of common inorganic ions (SO4

2�, NO3
�, NH4

+, Na+,
Ca2+, K+, Mg2+, and Cl�) were determined quantitatively by
ion chromatography (IC). Filters were extracted into a H2O/
methanol solution, preserved in chloroform to inhibit bio-
logic activity, and analyzed by IC using previously reported
procedures [DeBell et al., 2004].
[11] Detection limits for K+, Mg2+, Cl�, and NO3

� were
determined on the basis of IC analysis because of their
quantifiable presence in blank samples. The lowest quanti-
fiable concentrations for these ions (based on concentrations
in extraction water and assuming a 20-ml extraction volume
and 24-hour sampling duration) are 0.010 nmol m�3 (K+),
0.021 nmol m�3 (Mg2+), 0.0062 nmol m�3 (Cl�), and 0.021
nmol m�3 (NO3

�). The uncertainty in the measurement of
each of these species is calculated as three times the
standard deviation of blank and duplicate samples and is
reported as follows: 0.07 nmol m�3 (K+), 0.17 nmol m�3

(Mg2+), 0.50 nmol m�3 (Cl�), and 0.17 nmol m�3 (NO3
�).

Because SO4
2�, NH4

+, Na+, and Ca2+ were not present at
quantifiable levels in blank samples, detection limits for
these species are equal to the measurement uncertainty
(computed as three times the standard deviation of duplicate
samples) and are as follows: 0.30 nmol m�3 (SO4

2�),
0.51 nmol m�3 (NH4

+), 0.69 nmol m�3 (Na+), and 0.12 nmol
m�3 (Ca2+).
[12] AVersatile Air Pollutant Sampler (VAPS, University

Research Glass, URG, Chapel Hill, North Carolina) was
employed for 3 weeks during the ICARTT campaign to
assess the distribution of chemical components between the
fine and coarse aerosol size modes and to determine the
organic carbon (OC) and elemental carbon (EC) concen-
trations of fine aerosol. The VAPS used a cyclone to remove
PM larger than 10 mm in aerodynamic diameter. A virtual
impactor separated the sample flow into three trains, two of
which sampled fine aerosol and one of which sampled
coarse aerosol. One of the fine sampling trains was used
for inorganic and gravimetric analysis, and the other was
used for carbonaceous constituent analysis. The coarse
aerosol samples were analyzed only for inorganic constitu-
ents and gravimetric mass loadings.
[13] The inorganic fine aerosol sampling train consisted

of two annular denuders followed by a filter pack. The first
denuder (URG, three-channel Teflon1-coated stainless
steel, 242 mm in length) was coated with a citric acid
solution to remove basic gases. This denuder was followed
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directly by a second denuder (URG, three-channel Teflon1-
coated stainless steel, 150 mm in length) that was coated
with a sodium carbonate solution to remove acidic gases
such as hydrochloric acid (HCl) and HNO3. Following the
denuders in series was a filter pack (URG, Teflon1 coated).
A Zefluor1 membrane filter (47-mm diameter, 2-mm pore
size, Pall Life Sciences, East Hills, New York) was sup-
ported by a Teflon1-coated porous screen inside the pack
and collected the aerosol sample. Inorganic water-soluble
ion concentrations were determined by IC using the same
protocol as that used for the bulk filter analyses.
[14] Negative artifacts caused by evaporation of aerosol

inorganic chemical constituents when employing denuders
during filter sampling have been documented previously
(for example, in the study of Tsai and Perng [1998]). Such
artifacts should not apply to the bulk filter sampling in this
study because no denuders were used; they are applicable to
the VAPS samples, however. Significant losses of NO3

�

from denuded Teflon1 filters (18–52%) were reported by
Yu et al. [2005], with lost NO3

� likely in the form of
NH4NO3. Reported discrepancies between lost NH4

+ and
NO3

� for denuded Teflon1 filter samples could also indicate
the presence of organic ammonium salts [Yu et al., 2006].
Given the sampling and analysis techniques used here, it is
not possible to address this possibility. Because of the range
of NO3

� losses reported above and the lack of necessary
information, no effort is made here to correct for evapora-
tive losses of NO3

�. Sulfate aerosol is less prone to evapo-
ration on filters due to low vapor pressure.
[15] The organic fine aerosol sampling train consisted of

only a filter pack (URG, Teflon1 coated) with no denuder.
A prefired, quartz-fiber filter (47-mm diameter Pallflex1

Tissuquartz, Pall Life Sciences, East Hills, New York) was
used in this pack to collect aerosol samples to be analyzed
for carbonaceous constituents. The concentrations of OC
and EC were determined by a thermo-optical technique
[Birch and Cary, 1996] by Sunset Laboratory, Inc. (Hills-
borough, North Carolina). A factor of 1.4 has been used to
convert the mass of OC (in carbon mass units) to total
organic mass (OM) [Russell, 2003] although values of up to
2.1 have been reported previously [Turpin and Lim, 2001].
The range of values of the OM to OC ratio affects closure
between gravimetric mass and calculated chemical species
mass but has a negligible effect on relative values of the OM
to SO4

2� ratio discussed later in this manuscript.
[16] Positive artifacts that may have arisen from the lack

of denudation of carbonaceous aerosol samples were
accounted for by applying a constant reduction of 0.5 mg
C m�3 to each 24-hour sample based on Subramanian et al.
[2004]. Negative artifacts are considered negligible because
no denuder was used to upset gas/particle equilibrium. The
coarse aerosol sampling train also consisted of only a filter
pack (URG, Teflon1 coated) loaded with a Zefluor1

membrane filter (47-mm diameter, 2-mm pore size, Pall
Life Sciences).
[17] Flow rates through each of the sampling trains were

regulated by a pump and mass flow controller. The virtual
impactor required fine aerosol train flow rates of 15 L min�1

and a coarse aerosol train flow rate of 2 Lmin�1 to achieve an
accurate size cut, per manufacturer recommendations. The
VAPS was housed in an insulated box that incorporated a
thermostat, a heater, and a fan to maintain an internal

temperature within ±4�C of the ambient temperature. Flow
rates were calibrated several times during the sampling
period using a standard Gilibrator (Gilian, Clearwater,
Florida). Twenty-four-hour samples were taken daily for 3
weeks (28 July through 17 August 2004) from approxi-
mately 1000 to 1000 local time (EDT). All filters were
sealed, wrapped in aluminum foil, and stored at 0�–10�C
until analysis.
[18] Samples collected on Zefluor1 filters were weighed

to determine gravimetric mass loadings. Filters were pre-
treated by exposure (for 24 hours prior to sampling) to an
aerosol-free environment that was stable with respect to
temperature and humidity, per the method recommended by
USEPA [2001]. The filters were then weighed and trans-
ported directly to the field site. Sampling occurred for
24 hours and was followed by a postsampling treatment
in the same aerosol-free environment. The final aerosol
mass was determined by the difference between presam-
pling and postsampling filter mass.

2.3. Aerosol Acidity

[19] The acidity of atmospheric aerosols, which can be
measured or estimated by several methods, is influenced
mainly by SO4

2�, NO3
�, and NH4

+ in the fine size mode.
Oxidized sulfur exists as SO4

2�, bisulfate ion (HSO4
�), and

H2SO4 [Brosset, 1978; Charlson et al., 1978]. Sulfate exists
almost exclusively in fine mode aerosol in the northeastern
United States [Lefer and Talbot, 2001]. Using a ratio
method similar to that of Newberg et al. [2005], all SO4

2�

in this study is assumed to be in the fine mode because the
median fraction of sea-salt-derived SO4

2� was very low:
2.0% based on the seawater SO4

2� to Mg2+ mass ratio and
1.5% based on the seawater SO4

2� to Na+ mass ratio. In
addition, less than 14% of backward trajectories (discussed
subsequently) that reached TF passed directly over the
ocean, limiting the likelihood of coarse SO4

2� from dis-
placement reactions.
[20] Nitrate aerosol, which is in dynamic equilibrium with

HNO3 in the fine mode, also occurs significantly in the
coarse size modes in this area [Jordan et al., 2000] mostly
in the form of CaNO3 and NaNO3. Because our non-VAPS
samples represent bulk aerosols, the distribution of fine and
coarse mode NO3

� must be estimated from the chemical
analysis to properly assess the acidity of fine mode aerosol.
Unlike SO4

2�, it has been assumed that NO3
� exists in the

coarse size mode only through the displacement of chloride
ion (Cl�) in sea salt aerosol [Wu and Okada, 1994].
Occasionally, NO3

� can be associated with coarse soil
aerosol, but given low concentrations of total NO3

� and soil
constituents (Ca2+, for example, with a median concentra-
tion of 1.36 nmol m�3) at TF, these forms were assumed to
be negligible. By subtracting the measured Cl� concentra-
tion from that predicted based on the known ratio of Na+ to
Cl� in seawater (0.55 by mass) and assuming all negative
deviations are due to NO3

� displacement, a coarse mode
NO3

� concentration was calculated (similar to the technique
used by Newberg et al. [2005]). The concentration of fine
NO3

� was then calculated assuming a mass balance. Several
instances occurred during the winter when the Cl� concen-
tration was in excess (though within measurement uncer-
tainty) of that predicted using Na+; this phenomenon was
assumed to be associated with application of road salt on the
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roads surrounding TF following snow storms. In addition,
there were occasions when the predicted coarse NO3

�

concentration was slightly greater than the total concentra-
tion measured on the bulk filters (again generally within
uncertainty). For these cases, it was assumed that all of the
measured NO3

� was distributed into the coarse mode and
that the fine NO3

� concentration was zero. All references to
NO3

� in the remainder of this paper refer to calculated fine
NO3

�.
[21] Assuming that SO4

2�, NO3
�, and NH4

+ alone control
fine aerosol acidity, an ion balance method was employed to
approximate the relative aerosol acidity, or the concentration
of hydrogen ion (H+), in the aerosol phase [Kerminen et al.,
2001; Schwab et al., 2004]. The concentration of H+ was
approximated by:

Hþ½ � ¼ 2 SO2�
4

� �
þ NO�

3

� �
� NHþ

4

� �
ð1Þ

where the brackets imply ion concentrations, here in molar
units. Schwab et al. [2004] discuss the applicability and
limitations associated with this technique. This cation/anion
balance assumes that the only unmeasured cation is H+.
[22] The extent to which acidic aerosol is neutralized can

also be approximated. Because the major gaseous base
found in significant concentrations in the troposphere is
NH3, a ratio of inferred [H+] to the total concentration of

cations can be used as a metric for acid purity, f, in the fine
aerosol mode [Stevens et al., 1980]:

f ¼ Hþ½ �
Hþ½ � þ NHþ

4

� � ¼ 1�
NHþ

4

� �

2 SO2�
4

� �
þ NO�

3

� � ð2Þ

Therefore f has values between zero and unity. If f is zero,
every mole of SO4

2� and NO3
� has been neutralized fully by

NH4
+. If f is unity, no neutralization has occurred, and SO4

2�

and NO3
� likely result from H2SO4 and HNO3, respectively.

At f = 0.5, the bulk aerosol exists as a mixture of chemical
species and exhibits the properties of NH4HSO4; at f = 0.25,
the mixture is similar to letovicite.
[23] While it is acknowledged fully that true aerosol

acidity cannot be rigorously captured using these methods,
it is satisfactory for longer timescales and seasonal trends.
More robust techniques to calculate aerosol acidity that
have been published previously utilize phase partitioning
of soluble gases in addition to aerosol mass concentrations
[Keene et al., 2004]. However, such a method cannot be
used in the current study because of lack of gas phase
measurements of HNO3 and NH3.

2.4. Backward Trajectory Identification of Source
Regions

[24] A Lagrangian transport model, the Hybrid Single-
Particle Lagrangian Integrated Trajectory (HYSPLIT) model
[Draxler and Rolph, 2003], has been used to understand air
mass origin and thus to investigate the history of acidic
aerosol arriving at TF. Three trajectories were computed for
each 24-hour bulk filter sample, one each at 1200, 2000, and
0400 local time, to represent the 24-hour filter sample. Each
trajectory was run for 72 hours, a standard calculation
duration that should best describe relevant transport charac-
teristics to the site. Trajectories were computed with a
starting height of 750 m above sea level to minimize the
number of backward trajectories that interacted with
the model ground level. This elevation is well within the
daytime boundary layer at this location. The archived Eta
Data Assimilation System (EDAS) grid was used for mete-
orological input. The EDAS grid covers the continental
United States and has a horizontal resolution of about
80 km and a vertical resolution of 22 pressure surfaces
between 1000 and 50 hPa. The 80-km EDAS archive grid
was only available through April 2004; thus, starting in
May 2004, trajectories were run using the EDAS 40-km
archive grid that replaced the 80-km grid. This grid has a
horizontal resolution of about 40 km and a vertical resolution
of 26 pressure surfaces between 1000 and 50 hPa.
[25] The trajectories associated with each sample

were classified into the following general source regions:
continental-Canada, continental-midwest, continental-coastal,
marine-coastal, marine-Canada, and marine. Twelve exam-
ple backward trajectories, two from each source region, are
shown in Figure 1 to illustrate the classification scheme.
Backward trajectories were sorted into these six source
regions on the basis of visual inspection of the full path
of each trajectory, and classification was independent of the
associated vertical transport. While the continental-coastal
and marine-coastal source regions may be indistinguishable
from one another as they approach TF, the separation was

Figure 1. Example backward trajectories illustrating the
source region classification scheme used for backward
trajectory analyses. Two trajectories are plotted for each
source region. Continental-Canada, marine, and continental
coastal backward trajectories are shown in black; continental-
midwest, marine-Canada, and marine-coastal are shown in
gray. Backward trajectories are marked every 24 hours from
the time of initialization with a triangle. All backward
trajectories originate at TF, shown with a white square.
Marine, marine-coastal, and continental-midwest regions are
shaded in gray for to illustrate general areas of extent.
Trajectories may have crossed regional boundaries slightly,
but the areas of influence remain consistent each source
region.
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made to differentiate between air masses that traveled up the
coast but had very different longer-range sources further up
stream.
[26] The maximum straight-line distance one trajectory

traveled during all 72-hour runs to TF was approximately
4000 km, and the minimum distance traveled was approxi-
mately 600 km, a range of 3400 km. Backward trajectories
classified as continental-Canada traveled the longest distan-
ces to TF, ranging from 4000 km to 1100 km. Continental-
midwest backward trajectories had a similar maximum and
minimum (3700 km, 700 km). The maximum and minimum
straight-line distances for other source regions were
considerably smaller, indicating slower moving air masses:
1700 km and 600 km in the marine region, 2300 km and
800 km in the continental-coastal region, 2600 km
and 1000 km in the marine-coastal region, and 2700 km
and 800 km in the marine-Canada region. Large ranges in
the maximum and minimum distance traveled by backward
trajectories within source regions could create a bias in
chemistry between air masses, with faster moving air
masses being subject to different emissions scenarios than
slower moving air masses. However, this is expected to
affect absolute aerosol concentrations to a greater extent
than the general types (acidic versus nonacidic, biogenic

versus anthropogenic, etc.) of aerosols observed within a
given region.
[27] Trajectories were then grouped by the number of

matching source regions per day. All further analysis was
done only on data from filter samples that were associated
with days characterized by two out of three consecutive
matching backward trajectories for each day. In this way,
mixing of different types of emissions sources was avoided.
Air masses associated with very fast moving fronts and
highly variable meteorological conditions (implying large
changes in wind direction) thus have been ignored by this
method.

3. Results

3.1. Seasonal Trends

[28] The time series of aerosol [NH4
+], [NO3

�], and [SO4
2�]

are presented in Figures 2a, 2c, and 2e. Statistics for [NH4
+],

[NO3
�], and [SO4

2�] are also presented in Tables 1–3, sorted
by year and season. The aerosol inorganic composition is
dominated by NH4

+ and SO4
2�, both on a molar (69% of the

total moles of bulk aerosol) and mass (74% of the total bulk
aerosol mass) basis. Ammonium has a 5-year average
concentration of 45.2 ± 42.2 (standard deviation, SD)
nmol m�3, a median concentration of 30.71 nmol m�3,

Figure 2. Time series and box plot analyses for (a and b) [NH4
+], (c and d) [NO3

�], and (e and f) [SO4
2�].

A 30-day running average has been applied to each time series plot and is shown as a bold line. Box plot
statistics are as follows: Median concentrations are represented by the line inside each box; the top and
bottom of each box represents the 75th and 25th percentile values, respectively; and the top and bottom of
each whisker represent the 95th and 5th percentile values, respectively.
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and a range from below detection limit to 353 nmol m�3.
Sulfate has a 5-year average concentration of 26.2 ± 24.8
(SD) nmol m�3, a median concentration of 18.1 nmol m�3,
and a range from below detection limit to 198 nmol m�3.
The considerable difference between the average and me-
dian for both species indicates that the averages are influ-
enced heavily by large spikes in concentration. The episodic
nature of high aerosol concentration events is evident in
Figure 2. Inferred fine mode NO3

� has a 5-year average
concentration of 2.0 nmol m�3, a median concentration
below the uncertainty value, and a maximum measured
concentration of 91.9 nmol m�3, all considerably lower than
[NH4

+] and [SO4
2�]. Because fine mode NO3

� is a calculated
quantity, the uncertainty (again, defined as three times the
standard deviation of duplicates and blanks) is used instead
of the measurement detection limit. Concentrations for
calculated fine mode NO3

� are below the measurement
uncertainty for over 67% of sampled days, while [NH4

+]
and [SO4

2�] are below detection limits for less than 1% of
sampled days. Overall, the calculated average [NO3

�] in the
coarse mode is over four times greater than the average
[NO3

�] in the fine mode.
[29] A strong seasonality is observed in the continuous

daily concentration time series for NH4
+, NO3

�, and SO4
2�.

Monthly statistics for each species are summarized in
Figures 2b, 2d, and 2f. Sulfate peaks during the summer

months at TF and is at a minimum during the fall and
winter. While monthly median values vary from 12 nmol
m�3 in November to 28 nmol m�3 in August, 95th
percentile values range by over a factor of three, from
40 nmol m�3 in November to 130 nmol m�3 in August.
More variability in [SO4

2�] is observed during the summer
compared to the winter, as illustrated by a higher ratio of the
standard deviation to the median during August compared
to during November (1.6 compared to 0.77). Higher sum-
mertime temperatures and increased photochemistry pro-
vide elevated OH, O3, and H2O2 concentrations, resulting in
increased SO4

2� production.
[30] Ammonium concentrations track [SO4

2�], as is indi-
cated by Figure 3 that shows a regression between [NH4

+]
and [SO4

2�] with good correlation (R2 = 0.94). This high
temporal correlation between NH4

+ and SO4
2� is expected

given that NH4
+ is the major base available to neutralize

sulfuric acid aerosol and that NH4HSO4 and (NH4)2SO4, the
products of neutralization, are very stable in the aerosol
phase at atmospherically relevant temperatures and pres-
sures [Charlson et al., 1978]. The ratio of [NH4

+] to [SO4
2�]

is similar in nature to f and is approximately 1.6 on average
on the basis of the regression shown in Figure 3. This is
consistent with slightly acidic aerosols.
[31] The calculated time series and monthly statistics for

aerosol acidity and acid purity are presented in Figure 4.

Table 1. NH4
+ Concentration Statistics Sorted by Season and Yeara

NH4
+, %

Winter Spring

2000 2001 2002 2003 2004 All 2000 2001 2002 2003 2004 All

N 45 65 78 79 86 353 64 82 89 83 89 407
5th 14.1 9.16 11.6 9.58 6.21 10.1 9.89 7.91 9.41 11.6 7.72 9.31
50th 36.3 34.4 35.5 27.1 17.7 30.2 27.3 25.1 31.1 31.9 33.2 29.7
95th 123 96.6 114 102 87.2 105 86.2 85.6 104 91.0 111 89.6

NH4
+, %

Summer Fall

2000 2001 2002 2003 2004 All 2000 2001 2002 2003 2004 All

N 84 73 84 92 86 419 90 65 91 87 59 392
5th 8.23 9.94 5.13 8.56 14.5 9.27 6.60 8.29 7.32 7.17 10.4 7.96
50th 34.7 42.9 34.4 38.5 55.9 41.3 25.6 30.4 23.4 24.5 33.3 27.4
95th 133 192 205 158 239 181 106 110 105 90.6 106 104

aAll units are nmol m�3. To convert to ng m�3, multiply by 18. Five-year averaged seasonal data are in bold for comparison. N is the number of samples
in each season and year. Seasons are defined as follows: Winter is December, January, February; spring is March, April, May; summer is June, July, August;
and fall is September, October, November. January defines the winter year.

Table 2. NO3
� Concentration Statistics Sorted by Season and Yeara

NO3
�, %

Winter Spring

2000 2001 2002 2003 2004 All 2000 2001 2002 2003 2004 All

N 45 65 78 79 86 353 64 82 89 83 89 407
5th 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
50th 0.00 0.00 0.98 0.00 0.00 0.20 0.00 0.00 0.00 0.00 0.00 0.00
95th 19.5 9.32 42.8 11.6 6.87 18.1 4.57 5.98 5.60 2.47 2.18 4.16

NO3
�, %

Summer Fall

2000 2001 2002 2003 2004 All 2000 2001 2002 2003 2004 All

N 84 73 84 92 86 419 90 65 91 87 59 392
5th 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
50th 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.31 0.00 0.00 0.00 0.08
95th 3.83 4.65 3.73 1.89 0.89 3.75 8.83 13.2 9.19 7.35 6.22 8.96

aAll units are nmol m�3. To convert to ng m�3, multiply by 62. N is the number of samples in each season and year. Five-year averaged seasonal data are
in bold for comparison. Seasons are defined in the Table 1 caption.
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Seasonal and yearly statistics for inferred [H+] are presented
in Table 4. The estimated acidity of aerosols sampled at TF is
highly variable, as [H+] ranged from zero to 281 nmol m�3

(off the scale of Figure 4) and exhibited high day-to-day
variability (standard deviation of 15.8 nmol m�3). Maxi-
mum concentrations are calculated in early spring (March
and April) and late summer (August). Minimum [H+] is
calculated during November. Median monthly inferred [H+]
ranges from 8 nmol m�3 in August to 2 nmol m�3 in
December. Monthly peaks for measured [SO4

2�] and
inferred [H+] in the summer agree qualitatively with previ-
ous longer-term measurements and calculations of this type
[Malm et al., 2002, 2004].
[32] Most of the day-to-day variability (over a month-

long period) in calculated [H+] (defined as the ratio of the
95th percentile and median values for inferred [H+]) is
observed in July and August (10 and 9.6 for July and
August, respectively) compared to very little variability
(ratio of 3.7) in November. A clear minimum in median
inferred [H+] is found during the fall and winter, especially
November and December (3.1 and 2.2 nmol m�3, respec-
tively), which coincides with minimum [SO4

2�] during these
months (14 and 15 nmol m�3, respectively). A seasonal
increase in inferred [H+] during March and April seems to be
weighted heavily by high 95th percentile [NO3

�] during the
spring of 2001 and the lowest median [NH4

+] measured at TF
during any spring season (25.1 nmol m�3, 15% lower
than the 5-year median). However, the decrease in median
calculated [H+] during May and June (23 and 36% below
values for April) is likely associated with the application of
fertilizers either near the sampling site or at some point
upwind. No NH3 emission data is available for this area and
study period, but modeling results suggest that NH3 emis-
sions are much greater during the summer than during the
winter [Gilliland et al., 2003].
[33] In contrast, the day-to-day variability in calculated

acid purity is highest during November and December (4.4
and 4.7, respectively) and smallest during July and August
(2.8 for both). The time series shows high day-to-day
variability and values covering the zero to unity scale.
The majority (over 97%) of samples have values below
0.5 (shown in Figure 4). As a ratio, acid purity is less
sensitive to changes in ionic concentrations than is [H+],

illustrated by the larger variability in [H+] compared to acid
purity.

3.2. Size-Segregated Aerosol Chemical Compositions

[34] Data from the VAPS (shown in Figure 5) confirmed
that SO4

2� and NH4
+ constituted the majority of inorganic

chemical constituents of fine aerosol, 96% by mass, while
NO3

� contributed negligibly (1.4%) during summer. Most of
the remaining inorganic mass was composed of Na+, likely
from intrusions of sea-salt aerosol into the fine mode. The
lack of significant fine [NO3

�] is consistent with low [NO3
�]

during the summer calculated from the Cl� depletion
method for the bulk filters.
[35] At TF during ICARTT, the mass of coarse aerosol is

almost an order of magnitude smaller than the fine aerosol
mass and is dominated by NO3

�, Na+, and Cl� (89% by
mass on average; data not shown). An average of 88% (by
gravimetric analysis) of PM10 is in the fine aerosol mode.
Highest masses in the coarse mode are associated with
backward trajectories originating over oceanic or coastal
regions. The average ratio of Mg2+ to Na+ for all coarse
samples is 0.129, consistent with a ratio of 0.121 predicted
from bulk seawater. Only two out of a total 18 coarse mode
samples contain SO4

2� above detection limits. All (> 99.9%)

Table 3. SO4
2� Concentration Statistics Sorted by Season and Yeara

SO4
2�, %

Winter Spring

2000 2001 2002 2003 2004 All 2000 2001 2002 2003 2004 All

N 45 65 78 79 86 353 64 82 89 83 89 407
5th 8.65 4.79 6.30 6.19 3.75 5.94 5.70 8.17 5.50 6.47 8.36 6.84
50th 20.1 20.6 18.5 14.3 11.8 17.1 16.8 19.2 19.3 19.0 21.3 19.1
95th 49.1 48.1 45.4 59.6 37.7 48.0 49.6 57.8 59.1 49.3 58.8 54.9

SO4
2�, %

Summer Fall

2000 2001 2002 2003 2004 All 2000 2001 2002 2003 2004 All

N 84 73 84 92 86 419 90 65 91 87 59 392
5th 3.65 5.76 2.76 4.92 6.56 4.73 2.96 4.72 4.64 3.94 4.67 4.19
50th 20.5 25.1 19.4 23.5 30.1 23.7 12.9 16.8 13.4 14.6 18.1 15.2
95th 74.7 106 101 98.5 156 107 64.4 73.7 60.0 54.5 71.1 64.7

aAll units are nmol m�3. To convert to ng m�3, multiply by 96. N is the number of samples in each season and year. Five-year averaged seasonal data are
in bold for comparison. Seasons are defined in the Table 1 caption.

Figure 3. Regression between [NH4
+] and [SO4

2�].
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of the measured coarse mode NO3
� exists because of

displacement reactions, as the amount predicted to be from
sea salt by NO3

� to Na+ and NO3
� to Mg2+ ratios is

extremely low. This is very consistent with the previously
described method for size segregation of NO3

� from the bulk
filter analysis.
[36] Comparison of mass concentrations by gravimetric

and chemical analysis results in a correlation coefficient of
0.92 and a slope of 0.81. The reconstructed chemical
composition mass is a simple summation of the mass of
all species measured. Discrepancies exist on days of very
high mass loading and may be explained by negative
artifacts associated with filter sampling of organic species
[Subramanian et al., 2004], significant mass due to particle
water or other unidentified species, or underestimation of
the OM/OC ratio. Approximately 20% of measured aerosol
organic carbon in Atlanta, GA, was identified to be of acidic

nature [Sullivan and Weber, 2006]. Given this fraction, the
relatively weak nature of organic acids relative to H2SO4

and HNO3, and the fact that it is not known a priori if these
acids in fact resided in the aqueous phase, it is assumed in
this study that organics do not contribute significantly to
acidity. In this case, gravimetric analysis shows that chem-
ical analyses have sufficiently accounted for the majority of
aerosol mass related to inference of [H+].

3.3. Source Region Analysis

[37] Back trajectories were sorted into six source regions
representing different paths taken to TF (Figure 1). Fifty-
five percent of the analyzed trajectories are classified as
having a continental-Canadian source region, while 21% are
classified as continental-midwestern. Other source regions
are observed far less frequently: 9% from the marine-
Canadian region, 8% from the marine-coastal region, 5%
from the continental-coastal region, and 3% from the marine

Figure 4. Time series and box plot analyses for (a and b) H+ and (c and d) acid purity. A 30-day running
average has been applied to each time series plot and is shown as a bold line. Box plot configuration is
defined as in the caption for Figure 1. A dashed line has been added to Figures 4c and 4d at f = 0.5 to
represent 50% neutralization.

Table 4. Calculated H+ Concentration Statistics Sorted by Season and Yeara

H+, %

Winter Spring

2000 2001 2002 2003 2004 All 2000 2001 2002 2003 2004 All

N 45 65 78 79 86 353 64 82 89 83 89 407
5th 0.00 0.00 0.00 0.00 0.00 0.00 0.02 3.31 0.00 0.00 0.00 0.66
50th 6.18 3.06 4.45 0.99 2.15 3.37 6.22 14.1 6.07 6.06 4.84 7.46
95th 24.8 24.0 15.8 30.5 20.1 23.0 27.4 52.1 27.0 20.6 37.2 32.9

H+, %

Summer Fall

2000 2001 2002 2003 2004 All 2000 2001 2002 2003 2004 All

N 84 73 84 92 86 419 90 65 91 87 59 392
5th 0.00 0.17 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00
50th 5.03 8.60 2.78 8.82 7.66 6.58 1.74 4.56 3.55 4.26 4.32 3.69
95th 29.0 52.3 46.8 50.1 71.2 49.9 25.3 26.5 20.2 20.7 42.1 27.0

aAll units are nmol m�3. N is the number of samples in each season and year. Five-year averaged seasonal data are in bold for comparison. Seasons are
defined in the Table 1 caption.
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region. This source distribution is considered ‘‘normal’’ for
all trajectories computed during this analysis. Source
regions as a function of aerosol chemistry are all compared
to this normal distribution to assess the dependence of
chemical composition of aerosol on transport.
[38] The source distribution for each season and for all

data is reported in Figure 6. Few differences in source
regions are found seasonally, with the only significant
difference being an increase in continental-Canadian sour-
ces during the winter months. Source regions for varying
aerosol chemistry are compared to normal and are illustrated
in Figure 7. Continental-coastal, midwestern, and marine-
coastal source regions are 6, 8, and 8% increased (compared
to the normal distribution), respectively, for 75th–95th
percentile inferred [H+] samples, and the same source

regions are increased by 8, 9, and 13%, respectively, for
samples with [H+] greater than the 95th percentile. Lowest
inferred [H+] and f values are associated with the continental-
Canada region, as are lowest observed [SO4

2�]. The trend
observed for high acid purity samples differs slightly, as there
is less influence from midwestern sources. Greater than 75th
percentile f is 17% more likely to be of marine or coastal
influence (the total of continental-coastal, marine-coastal,
marine-Canadian, and marine) and is 8 and 10% less likely to
be originating from the continental-Canadian and midwest-
ern source regions, respectively. High [NO3

�] events are
almost exclusively associated with increased continental-
midwestern flow regimes (by 18%) while high [SO4

2�]
appears with large increases in continental-midwestern

Figure 5. Aerosol fine mode chemical composition as measured using the VAPS at TF during ICARTT.
No organic mass or elemental carbon data are available for 5 August 2004.

Figure 6. Source region distribution of air masses reach-
ing TF, sorted by season. The source distribution for all of
the data is also presented. Seasons are defined in the caption
of Table 1. Only days that met the 2/3 criteria described in
the text were included in this analysis.

Figure 7. Change in source distribution for aerosol of
varying chemical composition. Percentiles on x axis refer to
all data. Percent change on y axis refers to a source
distribution change relative to the source distribution for all
data (shown in Figure 6).
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(24%) and both coastal source regions (a 10% total when the
changes are summed).

4. Discussion

4.1. Year-to-Year Variability

[39] Although backward trajectory analyses yield few
differences in overall source regions on a seasonal basis,
considerable year-to-year variability in aerosol concentra-
tions is observed. Seasonal and yearly statistics for [NH4

+],
[NO3

�], [SO4
2�], and [H+] are presented in Tables 1–4 to

highlight this variability. For this discussion, the median
[SO4

2�] values shown in Table 3 are considered. A high
value for the maximum to minimum median concentration
ratio for a given season and species indicates more year-to-
year variability, and a value of 1.0 for this ratio would
indicate no variability. Year-to-year variability is largest for
[SO4

2�] during winter (1.75), smaller during the summer
(1.63), and smallest during the spring and fall seasons (1.27
and 1.40, respectively). This trend is analogous to the year-
to-year variability in [NH4

+].
[40] Given that winter and summer exhibit the greatest

interannual variability, minimum and maximum years for
these seasons for NH4

+ and SO4
2� were considered. For both

species, the summer with the lowest median concentrations
is 2002 and that with the highest was 2004. Compared to the
median concentrations for all summer data, summer 2002
was 16.7% lower than average for NH4

+ and 18.1% lower
than average for SO4

2�. Conversely, during summer of
2004, higher than average concentrations of these ions
were measured, with increases of 35.4% and 27.0%,
respectively. No relationship between these anomalies and
average temperature or precipitation extremes could
be identified. It should be stressed, however, that a more
in-depth analysis of climate variability during the study
period would be necessary to better elucidate a potential
relationship between climate and aerosol concentrations and
characteristics.
[41] Unquestionably, the season of largest calculated

aerosol acidity is the spring of 2001, as shown in Table 4.
This season is described by the greatest 5th percentile
concentration of any season (essentially the only significant
5th percentile above a zero level), the greatest median value
of any season by almost a factor of two, and the third
greatest 95th percentile value. While the inferred [H+] for
this season is unique for the spring, it is on par with the
largest acid concentrations estimated for the typically more
polluted summer. The spring of 2001 season is also marked
by one of the smallest [NH4

+], especially for the spring, and
the greatest [NO3

�] of any spring. The largest spring season
[NO3

�] recorded on Mount Washington (MW, 44.27�N,
71.30�W, and 1,917 m above sea level) coincides with the
high [NO3

�] at TF during the spring of 2001 [Fischer et al.,
2007]. Interestingly, Schwab et al. [2004] report no concur-
rent increase in acidity during this month at any of their sites
in upstate New York. This season is actually one of the
seasons with the smallest estimated [H+] in their data set.
[42] DeBell et al. [2004] report the extensive regional

influence of Asian dust storm events from 18 April 2001
through 13 May 2001; such dust storms import entrained
NO3

� and HNO3 that potentially affect the acidity calcula-
tion. However, given the coastal path taken by air masses

during the dust events, concurrent [H+] increases may not
have been observed at the rural site in New York. Anom-
alously large inferred acid concentrations may also indicate
that methods used in this study were less applicable during
this time period.

4.2. Source Region Control on f and H+

[43] General transport characteristics at TF are consistent
with the results of Fischer et al. [2007] for MW, although
differing analysis techniques were used. The source distri-
butions at both TF (based on backward trajectory analysis)
and MW (based on measured wind direction) are dominated
by westerly and northwesterly flows. Both analyses showed
very little seasonal change in source distribution, with the
exception of increased northwestern flow in the winter.
High [SO4

2�] at both TF and MW is attributed to increases
in southwesterly flow.
[44] Our analysis suggests that highly populated met-

ropolitan areas such as Boston, Massachusetts, New York
City, New York, and Washington, DC, may be important
sources of aerosol with high acidity. While aerosol with
large inferred [H+] originates from polluted areas, aerosol
that was less neutralized originates over coastal and
marine regions. We hypothesize that this was the result
of less air mass interaction with NH3 along these trajecto-
ries. To the authors’ knowledge, this air mass source
dependence of [H+] compared to f has not been observed
previously.

4.3. Nitrate Aerosol in Winter Versus Summer

[45] The stability exhibited by neutralized particulate
SO4

2� is not applicable to NO3
�, which is considerably more

volatile in ambient aerosol [Tang, 1980]. Fine [NO3
�] is

generally an order of magnitude smaller than [SO4
2�] at this

site because of insufficient NH4
+, relatively high temperatures

that favor partitioning to the gas phase, and probable source
strength differences between SO2 and NOx [Tang, 1980;
Seinfeld and Pandis, 1998]. Nitrate concentrations peak
during the colder winter months (Figure 2). This trend is
evident in the variability in 95th percentile values for
NO3

�, which range from 2.5 nmol m�3 in August to
40 nmol m�3 in January. As temperatures increase, the
combined effect of increasing [SO4

2�] to associate with
NH3 and increasing volatility of nitrate species inhibits the
formation of aerosol phase NO3

�, resulting in summertime
minima.
[46] While aerosol phase NO3

� and SO4
2� result primarily

from the reaction of their precursors with photochemically
derived species, the differing seasonal trends also can be
explained partially by a greater sensitivity of NO3

� forma-
tion to changing temperature, both thermodynamically and
kinetically. First, the vapor pressure of HNO3 decreases by a
factor of 75 as the temperature decreases from 310 K to
240 K. Second, the equilibrium constant for the reversible
reaction of NH3(g) and HNO3(g) to form NH4NO3(s)

increases by eight orders of magnitude as temperature
decreases from 310 K to 240 K [Stelson and Seinfeld,
1982], highly favoring the production of particulate
NH4NO3 during the winter. Reaction kinetics play a smaller
but similar role in the winter NO3

� peak. The calculated
effective second-order reaction rate constant for the forma-
tion of HNO3 from the NO2-OH reaction increases by
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43.3% as the temperature decreases from 310 K to 240 K
[DeMore et al., 1994]. The ratio of the rate constants for
reactions of NO2 and SO2 with OH [(kNO2-OH)/(kSO2-OH)]
increases by 26.5% over the same temperature range,
indicating that gas phase NO3

� reaction kinetics are more
sensitive than SO4

2� reaction kinetics to temperature change.
These conditions combine to favor formation of NH4NO3

when NH3 emissions increase during warm winter periods
[Fischer and Talbot, 2005].

4.4. Relationship Between OM, Sulfate, and
Photochemical Age

[47] The ratio of OM to SO4
2� has been computed to

assess the relative influence of biogenic and anthropogenic
sources for each sample and to compare this to the inferred
[H+] for the VAPS samples. While large values of the ratio
of OM to SO4

2� indicate a stronger relative biogenic
influence, small values are indicative of stronger relative
anthropogenic influences [Venkataraman et al., 2002].
However, this ratio should not be used to imply that either
biogenic or anthropogenic emissions cease to be important
at any time. From 10-min averages from an aerosol mass
spectrometer, this ratio varies from 0.25 to 41.4, with an
average of 4.3, at TF during ICARTT (L. D. Cottrell et al.,
Submicron particles at Thompson Farm during ICARTT
measured using aerosol mass spectrometry: Case studies of
organic and sulfate aerosol, manuscript in preparation,
2007). The O3 to carbon monoxide (CO) ratio is a metric
to indicate the degree of photochemical aging to which an
air mass has been subjected prior to arrival at TF [Fishman
and Seiler, 1983], with values approaching 0.37 indicating a
high degree of photochemical aging for TF in summer
[Griffin et al., 2004; Mao and Talbot, 2004a]. Inferred
[H+], the OM to SO4

2� ratio, and the ratio of O3 to CO
are plotted in Figure 8 for all 24-hour ICARTT VAPS filters.
Daytime (defined here as 1000–1700 local time) averaged
O3 and CO concentrations are used in the O3 to CO ratio to

control for the diurnal character of O3 at TF. While the OM/
OC ratio is likely to vary considerably depending on the
functionality of organic compounds in aerosol, the conclu-
sions made here based on the temporal behavior of the
relative OM to SO4

2� ratios would be insensitive to changes
in the OM/OC ratio used.
[48] It is evident that high inferred acid concentrations

(69 and 56 nmol m�3) on 11 and 12 August 2004 are
coincident with a decrease in the ratio of OM to SO4

2� (0.6
and 0.4, respectively) and an increase in the ratio of O3 to
CO (0.35 and 0.33, respectively), implying that this acidic
air mass is more anthropogenic and more photochemically
aged. Backward trajectories show that on 11 and 12 August
2004, air masses originated from coastal and midwestern
source regions. On the other hand, aerosol sampled on 6–
10 August 2004 lacks significant inferred [H+] (1.7 nmol
m�3 average) and is associated with increased values of the
OM to SO4

2� ratio (6.4 average) and decreased values of the
O3 to CO ratio (0.23 average), implying a stronger biogenic
influence and less photochemical aging. For the 6–
10 August 2004 period, surface winds were exclusively
from northwesterly directions, and backward trajectories
confirmed a dominant Canadian source region. Aerosol
acidity is well correlated (R2 = 0.76) with the ratio of O3

to CO throughout this period. This is evidence that regional
transport and aging likely play integral roles in controlling
aerosol acidity at this site.

4.5. Relationship Between OM and H+

[49] To investigate the relationship between aerosol acid-
ity and increased SOA, a comparison was made between
[OM] and inferred [H+]. No significant correlation (R2 =
0.38) exists between particle acidity and increased total
[OM], contrary to experimental work from Jang et al.
[2002] and Iinuma et al. [2004] and to field observations
in power plant plumes by Brock et al. [2003]. Large [OM]
exist during transport from not only the southeast but also

Figure 8. Ratio of OM to [SO4
2�] determined from VAPS filters, the ratio of O3 to CO determined from

data provided by the AIRMAP monitoring network, and the relative acidity of fine aerosols determined
from VAPS filters using equation (1).
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the northwest, potentially indicating the influence of bio-
genic SOA that formed without acid catalysis. A similar
lack of correlation between acidity and SOA formation was
reported by Takahama et al. [2006] during the Pittsburgh
Air Quality Study using a scatterplot/wind direction analy-
sis technique. It is important to note that the ICARTT data
set is restricted to 3 weeks of filter samples and TF may not
represent an ideal site for assessing SOA acid catalysis.

5. Conclusions

[50] The majority of fine ionic aerosol mass at TF, a site
thought to be representative of semirural northern New
England, is composed primarily of SO4

2� and NH4. Particulate
SO4

2� is driven strongly by photochemical seasonality. Fine
particulate NO3

� makes a minor contribution to the overall
inorganic mass and is highly dependent on lower temperatures
that inhibit volatilization, increase formation reaction rates,
and shift chemical equilibrium toward NH4NO3.
[51] Temporal analyses show a clear seasonal variation of

the three major species that influence fine aerosol acidity at
TF. The seasonal trends in aerosol acidity, however, are
more convoluted because they are affected by all three ionic
species. Seasonal patterns generally follow the seasonality
associated with SO4

2�. Acid purity, or the extent of neutral-
ization of the aerosol, however, tends to be less episodic
throughout all seasons. Aerosols with high inferred acidity
during ICARTT are associated with anthropogenically in-
fluenced, well aged air masses, as indicated by low values
of the OM to SO4

2� ratio and high values of the O3 to CO
ratio.
[52] While variations in seasonal transport cannot explain

the observed differences in seasonal aerosol composition,
differences in transport can explain day-to-day variability in
observed concentrations. Aerosols with high inferred [H+]
are more frequent in coastal air masses that pass over major
metropolitan areas along the eastern seaboard of the United
States. This may result from both increased SO2 and
decreased NH3 relative emissions in these areas. Transport
from midwestern areas such as the Ohio River valley and
the Great Lakes region are sources of increased [SO4

2�],
[NH4

+], and inferred [H+]. Although polluted air masses
carry high inferred [H+], less neutralized aerosol arises from
less polluted maritime sources with weaker NH3 emissions.
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